Introduction
Due to the small coherence length ξ of the high-T c superconductor, the vortex core has become a nanosized object. The flux pinning takes place at the nano-scale and the materials optimisation must be carried out on a similar or slightly larger length size [1, 2] . Accordingly, the further optimisation of the flux pinning forces and, hence, the critical current density (J c ) requires detailed measurement on an according length scale. It is well known that RE 2 BaCuO 5 (RE211) as the secondary phase particles dispersed in a REBa 2 Cu 3 O 7-δ (RE123) phase have a strong influence on the microstructure and pinning properties of RE123 bulk materials. Many studies have shown that the employment of ultra-fine ballmilled RE211 powders resulted in a large enhancement of J c values in RE123 system [3] [4] [5] [6] . We have reported that the addition of 0.05 wt. % of soft magnetic alloy particles Fe-Cu-Nb-Si-Cr-B (Fe-B) into the Gd123 contributes to the enhancement of the J c under a wide range of applied magnetic fields up to 3 T [7, 8] . Fe-B alloy is a soft magnetic material which sees the appearance of a large magnetic moment upon application of an external magnetic field. It is fascinating for the potential practical applications and attracts much attention. It is expected that as any introduced secondary phase particles, the smaller the magnetic powder Fe-B alloys, the bigger the role they would play in the enhancement of the flux pinning properties. To clarify the mechanism of the enhancement of J c in this material system, we have to study from the viewpoints described as follows.
First, the size effect of the magnetic particles on the Gd123 bulk superconductor has to be studied, for which the Fe-B soft magnetic particles were prepared from their typical size of 10 m -30 m to less than 10 m by ball milling process during 1 or 2 hours. These particles were added into the precursor phase of Gd123 bulk described in the following section.
Then, it is well known that Gd123 single grains fabricated in air tend to form Gd 1+x Ba 2-x Cu 3 O 7-δ (x > 0) type mixed solid solution, since the ionic radii of Gd 3+ and Ba 2+ ions are relatively close with each other [9, 10] . Nano-scaled solid solution has been reported as pinning centres which contribute to the second peak effect under higher magnetic fields [11] . However, the superconducting properties of samples with a higher value of x are degraded significantly compared to the compound without substitution. As a result, Ba-rich compounds such as BaO 2 , BaCuO 2 and BaCO 3 [12] [13] [14] [15] have been added to precursor compositions in an attempt to suppress the extent of Gd/Ba substitution during melt processing of Gd123 single grains in air. But as mentioned before, we know that the RE/Ba solid solution is one of the reasons of the peak effect. In order to make clear the reason of the appearance of the peak effect after doping with the soft magnetic powder, we also prepared series of bulks without BaO 2 in this study.
Experimental
The soft magnetic particles (MP) of Fe-B alloy, which contain a small amount of Cu-Nb-Si-Cr, were treated by ball milling for 1 and 2 hours. We then observed the magnetic particles with SEM to verify their size. Commercially available Gd 2 O 3 (3 N), BaO 2 (3 N) and CuO (3 N) powders were used to prepare Gd123 and Gd211 powders. In order to get fine particles of Gd211, we employed ball-milling treatment for 1 hour, using Y 2 O 3 -ZrO 2 balls. The prepared Gd123 and Gd211 were weighed in a nominal molar 5:2 ratio and mixed thoroughly together with fine magnetic particles.
We have prepared three systems. The first and second systems' precursor compositions were studied as follows: Gd123 + 0.4 Gd211 + 0.1 BaO 2 + x wt. % MP (1-hour ball-milled and 2-hour ballmilled), x =0.0, 0.02, 0.05, 0.08, 0.12. The third system, precursor compositions were studied as follows: Gd123 + 0.4 Gd211 + x wt. % MP, x =0.0, 0.02, 0.05, 0.08, 0.12, without BaO 2 . Both 10 wt. % Ag 2 O and 0.5 wt. % Pt were added in order to improve the mechanical properties and hinder the coarsening of Gd211 second phase particles, respectively. The mixed powder was pressed into pellets of 20 mm in diameter and 10 mm in thickness. The melt-growth in air and the post annealing in oxygen gas were performed as described in the references [16] .
Superconducting properties were measured by a SQUID magnetometer (Quantum Design Co Ltd.). The DC magnetization measurement was performed under an applied magnetic field parallel to the caxis. J c was deduced from the magnetization measurement using the extended Bean model [17] . The measured specimens were cut from a-growth sector and c-growth sector of the single-domain bulk. Figure 1 (a) shows the magnetic field dependence of J c at 77 K under B // c-axis of the specimens cut from the a-growth sector with different amounts of original MP doping. It can be seen that the J c was enhanced by doping with a suitable amount of MP. Especially, it seems that the peak effect appeared in these specimens. It means that MP doping enhances the J c both in low and high fields. In addition, figure 1 (b) also gives the J c -B curves at 77 K under B // c-axis of the specimens cut from the cgrowth sector with different amounts of MP doping. For these specimens, the J c in high field was also enhanced with a suitable amount of MP content. Generally speaking, for the bulk samples, the peak effect appeared in the specimens just below the seed because of the RE/Ba compositional fluctuation which was induced by the seed crystal [18] [19] [20] . At this stage, we cannot definitively conclude that the reason of the enhancement of J c in high field is the effect of the magnetic particles itself or if it can be induced by the oxygen deficiencies and the RE/Ba compositional fluctuation in the bulk. The results show the present finding with the effect of soft magnetic particle is a promising candidate to improve the flux trapping of Gd123-bulk magnets from the viewpoint of the enhancement of homogeneity and pinning force. 
Results and discussion

Effect of magnetic powder on superconducting properties
SEM image of the doping magnetic powders
To check the change of the magnetic particles after the ball milling, SEM images for three kinds of MP are shown in figure 2 . Clearly, for the original commercial magnetic particles in figure 2 (a) , the average size of the particles is about 10 µm. After employing 1-hour and 2-hour ball milling, as shown in the figure 2 (b) and (c), the average size is about 3 µm, which is smaller than the original particles. However, from the image (b) and (c), it can be found that the size of the particles is almost the same, in both 1 and 2-hour cases. To check the size effect of the magnetic particles on the superconducting properties of the Gd123 bulk, 1 and 2-hour ball-milled magnetic particles were employed to prepare series of bulk samples. Figure 3 (a) shows the magnetic field dependence of J c -B at 77 K under B // c-axis of the specimens with different amounts of 1 h MP doping. These specimens were cut from the a-growth sector domain, on the side of the domain. It can be seen that the J c was enhanced by doping with suitable amounts of MP. For the refined MP doped bulks, there is no peak effect appearance in the small amount additions, like 0.02 MP 1 h. The peak effect appears in the bulks doped with higher amounts of addition, like 0.08 MP 1 h. It can be seen that in the small amount range, with the increase of the MP doping, the J c in low field increases significantly, the maximum J c under self field appearing in the 0.02 MP 1 h bulk. It achieves 53,000 A/cm 2 . However, when the addition amount was more than 0.02 wt. % to Gd123, J c in low field decreases again. For the 0.02 MP, J c under self field is about 3 times what it under a higher magnetic field, 1.0 T. However, for the 0.08 MP, the J c under self field only is about 1.3 times what it is under a 1.0 T magnetic field. It means that suitable amounts of refined MP doping can enhance the J c in the low-field region and another suitable amount of refined MP doping can enhance the J c in the high-field region, which is a little different of the system doped with original magnetic particles.
Effect of refined magnetic particles on the superconducting properties
In figure 3 (b) , the magnetic field dependence of J c for the 0.05 MP and 0.08 MP specimens with different MP ball-milling time are given. The results show that both 1 h MP doping and 2 h MP doping almost have the same effect on the superconducting properties. It can be found that the refined MP doping cannot improve the J c of the bulk obviously. This is the contrary to the fact that smallsized secondary phase particles enhance the J c of the bulk. This maybe a evidence support the MP is not effect as the core pinning center. It's mechanism should be discussed in the future. 
Effect of the Ba-rich phase on the superconducting properties
Except the size effect, we have to make clear the mechanism of the appearance of the peak effect with the magnetic particles doping as mentioned above. It is well known that the RE/Ba solid solution is one of the reasons causing the peak effect in the bulk superconductor. However, this kind of uncontrolled coarsening solid solutions deteriorates the superconducting performances. As a result, Ba-rich compounds such as BaO 2 , BaCuO 2 and BaCO 3 have been added to precursor compositions in an attempt to suppress the extent of Gd/Ba substitution during the melt processing of Gd123 single grains in air. We also employed BaO 2 in our studies. However, in order to make clear the reason of the appearance of the peak effect after doping with magnetic powder, we wish to distinguish the contribution from the RE/Ba solid solution and the magnetic particles additions. So, series of Gd123 bulks doped with magnetic particles but without BaO 2 were studied. These specimens were also cut from a -growth sector domain. It can be seen that the highest J c appeared in the 0.02 MP bulks, and the peak effect also appeared. With the doping content of MP increasing to more than 0.02 wt. %, the superconducting properties were destroyed. The results showed that, the J c observed in higher field was enhanced in all the samples. It means that the peak effect appeared in all the specimens doped with MP but without BaO 2 .
As mentioned above, our purpose is to distinguish the effects of MP doping and the Gd/Ba solid solution on the peak effect. In figure 4 (b) , the magnetic field dependence of J c for the 0.02 MP and 0.05 MP specimens with and without BaO 2 doping were given. The results show that the peak effect appeared in both the specimens doped with BaO 2 and without BaO 2 . For the specimens without BaO 2 , the appearance of the peak effect can be attributed to the formation of the Gd/Ba solid solution. However, the peak effect of the specimens doped with BaO 2 is more obvious. It indicates that the magnetic-particle doping contributes to the appearance of the peak effect in a-growth sector of Gd123 bulk, which indicates that it improves the homogeneity of flux pinning.
Magnetic-powder doping effect on the transition temperature
The onset superconductivity transition temperature (T c ) of these bulks is summarized in figure 5 . It can be seen that the T c of the bulk decreased with the increase of the MP doping content, from 93.0 K without doping to 89.5 K with 0.12wt. % MP doping. It demonstrates that small amounts of MP inclusions can suppress the superconductivity of the bulk but cannot completely destroy it. The T c decreases more obviously in the system without BaO 2 doping, which also indicates the Gd/Ba solid solution destroys the superconducting properties. In addition, in the system doped with 1-hour ballmilled magnetic particles, T c only decreases a little. It may be linked to the fact that the 1-hour ballmilled magnetic-particle doping did not enhance the peak effect so much. It should be made clear in the future. 
Summary
To clarify the size effect of magnetic particles of Fe-B alloys on the superconductivity properties of Gd123 bulks, the doped magnetic particles were refined by ball milling so that their size became smaller. The experimental results showed that suitable amounts of the fined magnetic particles doping enhance the J c of the Gd123 bulk superconductor. However, its effect on enhancement of J c is worse than that obtained by the doping of original magnetic particles. In addition, by reducing the Ba content of the composition, we obtain the peak effect caused by the Gd/Ba solid solution in the Gd123 system, which lets us discriminate the effect of the magnetic particles from that of the RE/Ba solid solution on the peak effect. The experimental results showed that the appearance of the peak effect in the a-growth sector of the magnetic-particle doped Gd123 bulk could not be attributed to the Gd/Ba solid solution.
The magnetic-particle inclusions played an important role to enhance the homogeneity and the high magnetic flux pinning.
